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ABSTRACT
Aims. In this work we study the effect of disequilibrium processes (photochemistry and vertical transport) on mixing ratio profiles
of neutral species and on the simulated spectra of a hot Jupiter exoplanet that orbits stars of different spectral types. We additionally
address the impact of stellar activity that should be present to a different degree in all stars with convective envelopes.
Methods. We used the VULCAN chemical kinetic code to compute number densities of species in irradiated planetary atmospheres.
The temperature-pressure profile of the atmosphere was computed with the HELIOS code. We also utilized the τ-REx forward model
to predict the spectra of planets in primary and secondary eclipses. In order to account for the stellar activity we made use of the
observed solar XUV spectrum taken from Virtual Planetary Laboratory (VPL) as a proxy for an active sun-like star.
Results. We find large changes in mixing ratios of most chemical species in planets orbiting A-type stars that radiate strong XUV flux
inducing a very effective photodissociation. For some species, these changes can propagate very deep into the planetary atmosphere
to pressures of around 1 bar. To observe disequilibrium chemistry we favor hot Jupiters with temperatures Teq = 1000 K and ultra-hot
Jupiters with Teq ≈ 3000 K that also have temperature inversion in their atmospheres. On the other hand, disequilibrium calculations
predict no noticeable changes in spectra of planets with intermediate temperatures. We also show that stellar activity similar to the one
of the modern Sun drives important changes in mixing ratio profiles of atmospheric species. However, these changes take place at very
high atmospheric altitudes and thus do not affect predicted spectra. Finally, we estimate that the effect of disequilibrium chemistry
in planets orbiting nearby bright stars could be robustly detected and studied with future missions with spectroscopic capabilities in
infrared such as, e.g., JWST and ARIEL.
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1. Introduction
Since the moment of their birth and the accretion of first atmo-
spheres, the evolution of planets is closely related to the evolu-
tion of their host stars through a wealth of different processes
that are usually summarized under a single definition of the star-
planet interaction. For example, it includes the tidal interaction
between the star and the planet (Debes & Jackson 2010) with
two planets detected close to their tidal disruption limit (Del-
rez et al. 2016; Birkby et al. 2014). If the planet is very close
to its host star, the interaction between the stellar and plane-
tary magnetic fields can induce active regions on the surface of
the host (Cauley et al. 2019). In rocky planets, strong gravita-
tional tides and/or induction heating can significantly enhance
volcanic activity and hence outgassing which can create dense
Venus-like atmospheres (Kislyakova et al. 2017). Finally, stellar
radiation shapes the temperature distribution in planetary atmo-
spheres, and stellar activity produces strong non-thermal radia-
tion (X-ray and UV – XUV) and energetic particle flux (coronal
mass ejections – CME) that all drive atmospheric chemistry out
of equilibrium and eventually control processes of atmospheric
erosion (Johnstone et al. 2019; Dwivedi et al. 2019). Among all
these processes, the stellar radiation is of particular interest be-
cause it acts on the atmosphere of every planet and its impact
on, e.g., atmospheric composition could directly be studied by
analyzing the spectra of the planetary atmosphere.
Giant planets at short orbital distances (hot Jupiters (HJs)
and smaller Neptune-size planets) receive strong radiation from
their host stars which raises atmospheric temperatures to thou-
sand and, in some extreme cases of so called ultra-hot Jupiters
(UHJ), to even Teq=4000 K for the famous KELT-9b planet (Yan
& Henning 2018). This leads to an intense photo-dissociation
of molecules at high altitudes in their atmospheres, so that the
expected concentrations of molecular and atomic species may
start to strongly deviate from their equilibrium values. This de-
viation becomes highly noticeable when, additionally to photo-
chemistry, the transport processes (e.g., molecular diffusion) are
taken into account. HJs are the best studied class of exoplanets
to date because they are easily to observe thanks to their short
orbital periods, large sizes, and hot atmospheric temperatures
(which makes the planet-to-star flux contrast relatively large).
This makes HJs the most promising targets to study atmospheric
chemistry in detail with current and future instruments and mis-
sions.
Two main disequilibrium processes modify abundances
within exoplanetary atmospheres. The first one is photochem-
istry which includes dissociation and ionization of atmospheric
constitutes by stellar XUV radiation. The second is vertical
mixing which regulates how the atmospheric species segregate
within the atmosphere under the action of competing processes
of molecular diffusion and turbulent mixing. The consequences
of disequilibrium chemistry on the atmospheric composition of
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different kind of exoplanets have been explored by numerous
groups in the past. Early studies specifically addressed ques-
tions of photochemically driven production of atomic species
and thermospheric escape in HJ atmospheres (Liang et al. 2003;
Yelle 2004; Koskinen et al. 2007; García Muñoz 2007) as well
as pathway analysis of different photochemical products (e.g.,
Zahnle et al. 2009; Line et al. 2010). These studies led to the
development of new models with improved photochemical and
kinetic calculations. These models were used to study disequilib-
rium processes in objects of different masses and temperatures:
in terrestrial exoplanet atmospheres using benchmark cases of
Mars and Earth (e.g., Hu et al. 2012), super-Earths (GJ 1214 b,
Miller-Ricci Kempton et al. 2012), hot Neptines (GJ 436 b,
Line et al. 2011), and HJs (Miguel & Kaltenegger 2014; Koppa-
rapu et al. 2012). In-depth analysis of disequilibrium effects (in-
cluding realistic treatment of activity driven stellar XUV radia-
tion) and validation of chemical networks was performed for the
two benchmark cases of HD 209458 b and HD 189733 b, both
planets having close equilibrium temperatures (Teq=1200 K and
Teq=1500 K, respectively) but orbiting stars of different types
and ages (Moses et al. 2011; Venot et al. 2012). In UHJs, such as
KELT-9, high temperatures and strong irradiation causes large
amounts of atoms and ions to be present in upper atmospheric
layers, as was predicted by Kitzmann et al. (2018) and later de-
tected using high-resolution spectroscopic observations by Hoei-
jmakers et al. (2019). However, these two studies did not attempt
detailed prediction of the impact of disequilibrium processes on
the spectra of KELT-9. Finally, a possibility to study disequilib-
rium chemistry in atmospheres of three planets (HD 189733 b,
WASP-80 b, and GJ 436 b, all having Teq<1200 K) with future
space missions was carried out in Blumenthal et al. (2018), con-
cluding that, e.g., with James Webb Space Telescope (JWST)
it will be possible to robustly constrain the difference between
equilibrium and disequilibrium chemistry. Analyzing chemistry
in HJs provides an important test for existing kinetic models as
they include many poorly known parameters (turbulent diffusion
coefficients, photodissociation cross-section, reaction rate coeffi-
cients, choice of the kinetic network, etc.). When the atmosphere
of a planet is driven away from its chemical equilibrium, the
changes in molecular concentrations start to affect the tempera-
ture structure of the atmosphere via the changes in local opacity.
That is, the initially assumed temperature structure may change
if the changes in opacity are strong enough. Ideally, this non-
linear response of the atmospheric structure to the disequilib-
rium processes must be taken into account in a self-consistent
way by solving for the temperature structure and number den-
sities simultaneously. This enormously complicates the problem
as solving for the temperature structure requires the knowledge
of frequency integrated properties of the radiation field at every
point in the planetary atmosphere. As a result, many works ad-
dressed only the effect of photochemistry and kinetics on the
changes in mixing ratios and observed characteristic of some
benchmark HJs (see, e.g., Hobbs et al. 2019; Venot et al. 2012;
Moses et al. 2011). Recently, Molaverdikhani et al. (2019a) in-
vestigated the effect of disequilibrium chemistry on the observed
properties of planetary atmospheres using an extensive grid of
models that covered a very large range of planetary and stellar
parameters. However, they did not specifically address the effect
of stellar activity as a function of stellar age (limiting only to
the XUV flux of the present Sun) and of inverted temperature
profiles expected for UHJs.
Self-consistent kinetic-structure models of planetary atmo-
spheres remain a challenging task, but the first models have
already been successfully developed in the past. For instance,
Drummond et al. (2016) used the ATMO code that can si-
multaneously solve for kinetic and radiative-convective equilib-
rium to study the temperature structure and emission spectra of
HJs. They concluded that by not accounting for the radiative-
convective equilibrium can lead to the overestimation of the ef-
fect of disequilibrium chemistry on the observed spectra. The
authors highlighted the importance of self-consistent models be-
cause, although the emission spectra did not show large changes
between equilibrium and disequilibrium calculations, the mixing
ratios and atmospheric temperature were both highly affected by
photodissociation and molecular diffusion processes.
In this work we aim at a systematic analysis of disequilib-
rium chemistry in an atmosphere of a Jupiter size exoplanet
that orbits stars of different spectral types. Note that we do
not attempt to compute self-consistent kinetic models similar to
Drummond et al. (2016). Instead, here we make a first step to-
wards extending our study of disequilibrium chemistry consid-
ering different stellar spectral types and we make predictions for
both emission and transmission observations. Moreover, study-
ing the impact of disequilibrium chemistry, we additionally in-
vestigate the impact of stellar activity on atmospheres of HJs
orbiting young sun-like stars that maintain high level of XUV
radiation during early stages of their evolution.
2. Methods
2.1. Atmospheric pressure-temperature profiles
We utilized the HELIOS1 code to compute temperature structure
of atmospheres using self-consistent radiative-convective itera-
tion (Malik et al. 2017). The typical inputs for the HELIOS are
the parameters of the planet (mass, radius, atmospheric abun-
dances, semi-major axis) and its host star (radius, effective tem-
perature) and we used the black body approximation for the stel-
lar spectrum. Our calculation setup included 100 atmospheric
layers distributed logarithmically between 10−9 bar and 100 bar
and we assumed global redistribution of the heat across day and
night sides of the planet.
Modeling atmospheres of UHJs deserves additional atten-
tion. Intense XUV radiation of hosts stars drives very efficient
photo-dissociation of molecules which then enhances concen-
trations of atomic species and their ions in the atmospheres of
these planets (Casasayas-Barris et al. 2019). The amount of these
metals could be so large that they begin to play a dominant role
in shaping the P-T structure by further absorbing XUV stellar
flux. Most of the absorbed energy goes into the kinetic energy of
the ionized atoms and electrons. The result of this process is the
sudden temperature raise detected in corresponding atmospheric
layers (Malik et al. 2019; Arcangeli et al. 2018). It was then un-
derstood that a proper modeling of UHJ atmospheres requires in-
clusion of opacity due to metals and their ions. Unfortunately, in
its current stage the opacity tables included in the public version
of the HELIOS code do not include continuum and line opacity
due to atoms. We therefore considered two approaches. First, be-
cause our analysis has an exploratory nature and does not involve
direct comparisons with real data, we still used HELIOS to com-
pute T-P profiles for most irradiated planets. Second, we consid-
ered analytical T-P profiles after Parmentier & Guillot (2014) in
order to explore the effect of temperature inversion on the chem-
ical profiles and predicted spectra of UHJ. Since we are inter-
ested in studying general changes in predicted spectra of planets
with temperature inversion in their atmospheres, we have chosen
1 https://github.com/exoclime/HELIOS
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Fig. 1. Temperature profiles of a Jupiter size planet around three types
of host stars (A0 – solid blue line, F0 – dashed green line, G2 – dotted
red line, K0 – dash-dotted brown line) calculated with HELIOS and
grouped according to the equilibrium temperatures of 1000 K (left),
2000 K (middle), and 3000 K (right), respectively. The parameterized
profile after Parmentier & Guillot (2014) with temperature inversion in
upper atmospheric layers is shown with full black line.
a parameterized T-P model with an inversion at the mbar level.
Note that we do not compare the resulting synthetic spectra ob-
tained by using temperature profiles from HELIOS with those
from parameterized models. The temperature inversion can be
obtained either with Parmentier & Guillot (2014) or, e.g., with
another commonly used parameterization after Guillot (2010).
An extensive use of these parameterized models can be found
in, e.g., Parmentier et al. (2015) and Venot et al. (2015).
Our Fig. 1 illustrates examples of temperature profiles cor-
responding to Teq=1000 K, 2000 K, 3000 K, and inverted
Teq=3000 K, respectively, for a Jupiter size planet orbiting stars
of different spectral types. Note the difference between temper-
ature profiles introduced by stellar types. This difference is ob-
viously absent in case of the parameterized profile. The equi-
librium temperatures were estimated assuming planetary albedo
α=0.03 (Sudarsky et al. 2000).
2.2. Chemical kinetic model
The vertical distribution of neutral atmospheric species in the at-
mosphere is obtained by solving the coupled kinetic equations
for species containing C, H, O, and N using the VULCAN code2
(Tsai et al. 2017). All absorption and photodissociation cross
sections are from Leiden Observatory database3 (see also Heays
et al. 2017), except NO3, HNO3, HNO2, N2O, and NO2 that
are from Huebner & Mukherjee (2015); Huebner et al. (1992);
Huebner & Carpenter (1979) where NO2 combines NO/O(1D)
and NO/O to obtain the total absorption cross section. N2H4
is from MPI-Mainz UV/VIS Spectral Atlas4. We assumed that
the metallicity of the exoplanetary atmosphere is solar (Lodders
et al. 2009), that is C/H = 2.45 × 10−4, O/H = 4.57 × 10−4,
and N/H = 6.03× 10−5. This renders a C-to-O ratio to 0.54. The
chemical kinetic equations are solved between 100 and 10−8 bar
with boundary conditions of zero flux at both atmospheric levels.
2 https://github.com/exoclime/VULCAN
3 http://home.strw.leidenuniv.nl/e˜wine/photo
4 http://satellite.mpic.de/spectral_atlas/index.html
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Fig. 2. Flux density, at the stellar surface, for A0, F0, G2, and K0 stars
as obtained from PHOENIX model library (Husser et al. 2013).
The thermal profile T(p) and the metallicity are the only inputs
needed by FastChem5 (Stock et al. 2018) to obtain the thermo-
chemical equilibrium abundances of the considered species. The
obtained vertical profiles are then subject to photodissociation
caused by the stellar flux, turbulent transport, and molecular dif-
fusion with the VULCAN code.
The stellar flux was taken from the PHOENIX library
(Husser et al. 2013) and scaled according to the orbital distance
of the planet and the size of the host star. Each stellar type that
we considered in this study (A0, F0, G2, K0) was assumed to
have solar metallicity. Figure 2 shows the spectral flux energy at
the stellar surface at λ 6 500 nm as this is the spectral region
essential for the bulk of the photodissociation processes.
We purposely ignored M dwarfs in our study because these
stars are not expected to form many hot Jupiters (Obermeier et al.
2016; Mordasini et al. 2012). Up to now only a few Jupiter size
planets were discovered around M dwarfs (Bayliss et al. 2018;
Bakos et al. 2018; Hartman et al. 2015; Johnson et al. 2012).
Note that all of them have Teq < 1000 K which is outside of the
temperature range considered in this work.
The turbulent transport is usually parameterized in 1D mod-
els by so called eddy diffusion coefficient Kzz, which is asso-
ciated with the vertical mixing. As in Kitzmann et al. (2018),
we assumed Kzz = 0.1Hpvz, where Hp refers to the atmospheric
scale height, and vz to the vertical velocity which is approxi-
mated to be the atmospheric speed of sound cs. This considera-
tion turns into Kzz ranging from 4.3 × 109 to 2.4 × 1010 cm2 s−1
for Teq between 1000 K and 3000 K. The molecular diffusion
coefficients were computed following Moses et al. (2011, 2000)
and they depend on temperature, total number density, and mass
of the diffusing species. Other approaches can be taken as well
(e.g., Chapman and Enskog equation from Poling et al. (2000)).
2.3. Predicting emission and transmission spectra of HJs
In order to predict emission and transmission spectra of HJs
we utilized the τ-REx (Tau Retrieval for Exoplanets) software
package (Waldmann et al. 2015b,a). It uses up-to-date molecular
cross-sections based on line lists provided by ExoMol6 project
(Tennyson & Yurchenko 2012) and HITEMP (Rothman et al.
2010). We additionally used the HCN line list after Harris et al.
5 https://github.com/exoclime/FastChem
6 www.exomol.com
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(2006) provided by the Exoclime project7 and generated with the
HELIOS-K code (Grimm & Heng 2015). These cross-sections
are pre-computed on a grid of temperatures and pressures and are
stored in binary opacity tables that are available for a number of
spectral resolutions. The continuum opacity includes Rayleigh
scattering on molecules and collisionaly-induced absorption due
to H2-H2 and H2-He either after Abel et al. (2011, 2012) or Bo-
rysow et al. (2001); Borysow (2002); Borysow & Frommhold
(1989), respectively. We extended the public version of τ-REx8
by incorporating additional opacity sources essential for the at-
mospheres of UHJs. In particular, bound-free and free-free tran-
sitions of H− become one of the major continuum opacity con-
tributors for the temperatures hotter than about 2000 K. The
cross-sections of H− are from John (1988). We also included
opacity due to free-free transitions of He− as well as Rayleigh
scattering on H i atoms and Thomson scattering on free elec-
trons. The He− cross-sections are those originally from John
(1968) using polynomial fit by Carbon et al. (1969). Rayleigh
scattering on H i is calculated after Dalgarno (1962). All rele-
vant numerical routines were extracted from the LLmodels stel-
lar model atmosphere code (Shulyak et al. 2004). At the temper-
atures of HJs the H− is the dominant continuum opacity source
that impacts the observed spectra of these planets (Arcangeli
et al. 2018). However, at millibar pressures the He− opacity can
become comparable or even stronger than that of H− for wave-
lengths longer than 1.6 µm, as shown on Fig. 3 (third panel from
the bottom) where we display examples of continuum opacity
coefficient at different altitudes in the atmosphere of a HJ with
Teq=3000 K. At even smaller pressures, electron scattering and
Rayleigh scattering on H i atoms also become important con-
tributors to the continuum opacity at particular wavelengths (top
panel on Fig. 3). However, the contribution of H i and e− on the
transmission spectra is marginal because their opacity is strong
only at low pressures that are hardly probed by transmission
spectroscopy. Thus, among all continuum opacity sources, only
H− and He− significantly contribute to the predicted amplitude of
the transmission spectra, as shown on the bottom plot of Fig. 3.
When both continuum and line opacity are included, the effect
of He− on predicted spectra is diluted by a much stronger opac-
ity in molecular lines while H− contribution is still significant.
Nevertheless, as can be seen from the second plot (from bot-
tom) on Fig. 3, in optically thick layers the He− opacity could
still be stronger than, e.g., collision-induced absorption due to
H2-H2 and H2-He. We thus conclude that accurate calculation of
atmospheric opacity requires He−, H i, and e− opacity included
especially at low pressures, similar to how it is done in modern
stellar atmosphere codes. However, observed transmission and
emission spectra of HJs are hardly affected by these three opac-
ity sources. Finally, we updated HELIOS with He− and e− opac-
ity (original version of HELIOS already includes H i Rayleigh
scattering) and found out that this has only little impact on the
atmospheric temperature structure (with a modification in local
temperature of at most ∆T≈10 K) and thus can be ignored.
2.4. Stellar activity
Dynamos in stars with outer convective envelopes can gener-
ate strong magnetic fields that interact with stellar convection
and eventually dissipate their energy in magnetic re-connection
events. The latter heat up the regions above the stellar photo-
7 https://dev.opacity.iterativ.ch/#/
8 https://github.com/ucl-exoplanets/TauREx_public
Fig. 3. Continuum opacity calculated for a HJ with Teq=3000 K at three
different altitude levels (with pressure decreasing from bottom to top).
The opacity due to H2O is shown for comparison purpose. The bottom
plot shows the transmission amplitude calculated including only con-
tinuum opacity sources (i.e., without line opacity) and illustrates the
relative contribution of H− and He− absorption.
spheres and create chromospheres and coronae. High tempera-
ture in those atmospheric regions enhances stellar XUV flux.
During their life on the main sequence stars with convective
envelopes undergo two major regimes of their activity evolution.
First, when stars reach the main-sequence, they generally rotate
very fast and their non-thermal emission is maximal. This is the
regime of activity saturation because the amount of XUV flux
does not change with time as rotation rate keeps decreasing due
to the magnetic braking. The level of the magnetic activity in
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this regime is determined, to a very good approximation, by the
thickness of the convective zone which sets the amount of mag-
netic energy the star can generate (Christensen et al. 2009). As
stars evolve they keep spinning down and after some time reach a
critical rotation period above which the activity starts to dissatu-
rate and begin to decline as rotation rate of stars decreases further
(non-saturated regime, see, e.g., Reiners et al. (2014); Pizzolato
et al. (2003); Noyes et al. (1984)). For instance, the Sun was
more active in the past and its XUV flux was stronger which po-
tentially drove an enhanced erosion of atmospheres of the Earth
and other planets during first several hundred million years af-
ter the formation of the solar system (Johnstone et al. 2019; Tu
et al. 2015; Ribas et al. 2005; Güdel et al. 1997). Even now, at its
relatively quiet state, the Sun produces enhanced XUV emission
which cannot be predicted by standard photospheric models.
Because most molecular photodissiociation cross-sections
are found in the short wavelength domain, it becomes evident
that the accurate knowledge of XUV radiation is essential when
studying atmospheric chemistry of planets orbiting stars with
convective envelopes. Therefore, we extended our investigation
of the G2 case by additionally accounting for the stellar activity.
Note that some semi-empirical models of stellar chromospheres
have been constructed in the past to mimic the amount of non-
thermal radiation from convective stars (e.g. Fontenla et al. 2016;
Vernazza et al. 1981). However, calculation of the outgoing ra-
diation from these models requires complicated approaches in-
cluding non-equilibrium effects on atoms and ions. Instead, we
specifically have chosen the case of G2 star in our stellar sample
because it resembles the properties (temperature and radii) of the
Sun (Segura et al. 2003). Thus we used the observed solar radi-
ation to address the impact of stellar activity on the atmospheric
spectra of our test planet that orbits G2 star using Sun as a proxy
of XUV radiation.
As a next step we studied the effect of an increased stellar
activity for the G2 star when it was 100 Myr young. We used
estimates by Claire et al. (2012) who investigated the evolution
of the solar flux in time following Ribas et al. (2005). The corre-
sponding routines were taken from the Virtual Planetary Labo-
ratory webpage9. According to the suggested scaling relations,
a 100 Myr young Sun would had had high-energy emissions
about 100 times larger than that of the modern Sun, whereas
it was less luminous and smaller (Teff(t=4.5 Gyr)=5778 K;
Teff(t=0.1 Gyr)=5650 K, R(t=0.1 Gyr)=0.876R(t=4.5 Gyr)).
The adopted radiation of the young and modern Sun at 1 AU
are shown in Fig. 4.
3. Results
In the simulations that we present below we consider a Jupiter
size planet having three different equilibrium temperatures Teq of
1000 K, 2000 K, and 3000 K, respectively. These temperatures
correspond to typical conditions found in hot (Teq62000 K) and
ultra-hot (Teq>2000 K) Jupiters (note that the classification of
ultra-hot Jupiters in terms of their temperatures is a matter of
debate). Each of this Teq can be reached at different distances
from the parent star depending on the spectral type of the later.
We chose four types of stars: A0 (Teff=10800 K, R=2.5R),
F0 (Teff=7200 K, R=1.3R), G2 (Teff=5800 K, R=1.0R), and
K0 (Teff=5200 K, R=0.85R) For the UHJ atmospheres, i.e. for
planets with Teq=3000 K, we additionally considered parameter-
ized temperature profile with the temperature inversion at high
altitudes. Throughout the paper we call models that corresponds
9 http://depts.washington.edu/naivpl/content/models/solarflux
Fig. 4. Energy distribution of the Modern (dashed line) and 0.1 Gyr
young Sun (solid line) at the top of the Earth atmosphere according to
Claire et al. (2012).
to four different temperatures as T1, T2, T3, and T3-inverted, re-
spectively (see Fig. 1). Below we investigate the impact of stellar
types on atmospheric chemistry and spectra as predicted by ther-
mochemical equilibrium (EQ) and photo-kinetic disequilibrium
(DQ) models.
3.1. Atmospheric chemistry
We first look at the influence of stellar spectral types on the
chemical composition. The corresponding plots are shown on
the right panels of Figs. 5, 6, 7, and 8. First, we find that, re-
gardless of the star type, for the coolest planet considered here,
i.e. T1 case, the disequilibrium processes can affect the mixing
ratio of molecules NH3, CH4, and HCN throughout the whole
atmosphere and even down to optically thick layers which lay
below 1 bar level. Also Moses et al. (2011) noted that for HJs
HD 209458b and HD 189733b (planets orbiting main-sequence
G0 and K2 stars, respectively, with Teq∼1200 K), molecules as
CO2, CO, H2O, and N2 are relatively unaffected by disequilib-
rium chemistry. Our study extends this conclusion to hotter stars
of spectral types A0 and F2.
When the planet is placed closer to the host star (i.e., cases
T2 and T3), the higher XUV radiation by the A0 star compared
to other stars considered in this model (see Fig. 2) induces a
more efficient molecular photodissociation. This also produces
a strong decrease of the species mixing ratios at low pressure
levels where the radiation can penetrate. The characteristic sud-
den drop in molecular mixing ratios seen at around P≈ 10−3 bar
for the T3-inverted case (top right plots on Figs. 5-8) is caused
by the corresponding temperature inversion that is present in the
parameterized temperature profile (see Fig. 1). Here, the mixing
ratios of all species are efficiently quenched in and below the re-
gion of temperature inversion. Therefore, the decrease in mixing
ratios is dictated by thermochemistry in this hot environment at
the region of thermal inversion. For all DQ models and temper-
atures explored in this work we find that CO stays the dominant
carbon bearing molecule as it is efficiently formed by thermo-
chemical processes and barely affected by either chemistry or
photodissociation. However, for the T1 case the concentration of
CH4 becomes comparable to that of CO for the HJ orbiting cool
G2 and K0 stars. This is because a) thermochemical equilibrium
renders similar mixing ratio values at those temperatures, and b)
the XUV flux emitted from these stars is very weak in our pho-
tospheric models to dissociate these species (see bottom right
plots on Fig. 7 and Fig. 8). Strong UV flux is needed to notice-
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Fig. 5. Predicted transmission (top left) and emission (bottom left) spectra calculated for the Jupiter size planet around an A0 star. From bottom
to top shown are the spectra predicted from the four different atmospheric structures (see text for details). The spectra were binned with the
spectral resolution R = λ/∆λ = 200. The transmission spectra were shifted vertically for better representation. The mixing ratios corresponding
to the mentioned above atmospheric structures are shown on the second column of the figure (from bottom to top). In all plots, the spectra and
mixing ratios calculated from the equilibrium and non-equilibrium chemistry are shown with dashed and solid lines, respectively. Disequilibrium
molecules responsible for absorption bands in the emission spectrum for the T1 case are explicitly labeled on the top left plot.
ably distort the concentration of N2 away from its thermochemi-
cal equilibrium value, and it stays almost unchanged in mid and
low altitudes for all spectral types except A0. Molecular hydro-
gen remains the most abundant species (except at very high at-
mospheric layers) for temperatures Teq<3000 K and in all spec-
tral types. As temperatures increase (i.e., as the exoplanet orbits
closer to the host star), concentration of neutral hydrogen raises
rapidly due to an efficient thermal dissociation and photodissoci-
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Fig. 6. Same as on Fig. 5, but for the planet around an F0 star.
ation of hydrogen bearing molecules. But also the concentration
of HCN raises for T1 planet compared to the EQ calculations for
every star considered in this work. This is in full agreement with
previous studies by Moses et al. (2011) and Hobbs et al. (2019)
for HD 209458b and HD 189733b, although their analysis only
pertained to G and K stars and ours pertains to a broader range of
star types. When the photochemistry is included in the calcula-
tions, it largely influences the distribution of species in optically
thin layers where the deposit of stellar XUV radiation is very
efficient (and this effect is individual for each molecule). The
two commonly used diffusion coefficients in 1D photochemical
models (i.e., eddy and molecular diffusion coefficients) can de-
termine the variation of the mixing ratio profiles with pressure
if the characteristic diffusion times are shorter than the chemi-
cal lifetimes. Otherwise, the vertical distribution of species will
be mainly controlled by photo/thermochemical processes. Note
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Fig. 7. Same as on Fig. 5, but for the planet around a G2 star.
that there might exist regions where the associated lifetimes are
similar and they can compete for shaping the mixing ratio pro-
file. However, a detailed analysis of the prevalence of chemical
and/or transport processes as a function of the star type, of the
choice of the Kzz, and of temperature of the exoplanetary atmo-
sphere is beyond the scope of the current paper.
Finally, our calculations agree with previously reported con-
clusion that the impact of disequilibrium chemistry is stronger
for cooler planets due to the higher concentrations of photo-
chemically active gases like CH4 and NH3 (Madhusudhan et al.
2016; Moses 2014).
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Fig. 8. Same as on Fig. 5, but for the planet around a K0 star.
3.2. Predicted transmission and emission spectra
The left column of Figs. 5, 6, 7, and 8 shows transmission and
emission spectra calculated using EQ and DQ mixing ratios dis-
cussed above.
In our simulations the effect of spectral type is to provide
non-thermal XUV radiation which sets the rates of molecu-
lar photo-dissociation while the temperature has effects on the
transport processes and on the T-dependent chemical reactions.
Hence, we detect most prominent changes between EQ and
DQ models in atmospheric spectra for the hottest stellar type
A0 and planets with T1 and T3-inverted temperature profiles
(Fig. 5, where we highlighted spectral features of various chemi-
cal species across a range of wavelengths that are useful for iden-
tifying their signatures for the T1 case in transmission). For the
T1 case, the DQ model predicts lower flux in the region between
10 µm and 20 µm in the emission spectrum. This is the result
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of the increased NH3 concentrations and therefore stronger ab-
sorption in these wavelengths compared to EQ model. Absorp-
tion features at 10.4 µm and 14 µm that are seen in DQ models
are due to NH3 and HCN lines, respectively. The increase of the
spectral emission in DQ model compared to EQ one between
3 µm and 4 µm, and between 7 µm and 9 µm is due to photodis-
sociation of CH4 and hence weakening of the line absorption.
In transmission the planet look larger in the wavelengths of in-
creased opacity, i.e. in the region between 10 µm and 20 µm due
to the increased NH3 concentrations predicted by DQ model. At
the wavelength shorter than that the transmission signal is de-
creased primarily due to a weaker absorption by CH4. A pro-
nounced feature at 4.3 µm is due to enhanced strengths of CO
and CO2 bands. An increase in the transmission signal around
1.6 µm and 2.1 µm is due to the increased absorption in NH3
bands located at these regions. We detect same spectral behavior
for the T1 planet around F0, G2, and K0 stars. Note that many
expected features have been already identified in previous inves-
tigations (e.g., Moses et al. 2011; Venot et al. 2012; Blumenthal
et al. 2018; Molaverdikhani et al. 2019a), and our study extends
this analysis to a wider range of stellar spectral classes and at-
mospheric temperatures.
For the T2 planet both emission and transmission spectra
show almost no changes between EQ and DQ models for all
spectral types. In case of T3 planet we detect a noticeable de-
crease of the transmission amplitude but only for A0 star which
is mainly due to a strong photo-dissociation of H2O (but not
only). This is an interesting finding because it indicates that
for planets with Teq≈2000 K strong differences in mixing ra-
tios that are driven by the radiation of the host star could not
be robustly detected in the observed spectra. In case of emission
radiation, the photodissociation affects mixing ratios of atmo-
spheric species at high altitudes that are transparent for the out-
going radiation and therefore do not significantly contribute to
the emerging spectrum. Also, the abundance of CH4, NH3, and
CO2 is very low even in EQ model so that the changes in their
mixing ratios introduced by photo-dissociation are not manifest-
ing in the final spectra. Strong photo-dissociation of H2 results
in two orders of magnitude increase in the number density of
neutral hydrogen atoms, but the corresponding opacity (due to
Rayleigh scattering on H atoms and H− bound-free and free-free
absorption) is not strong enough to drive changes in the predicted
spectra either.
For the more realistic case of an UHJ with an inverted tem-
perature profile (T3-inverted model) we observe strong differ-
ences between EQ and DQ models which is driven by molecular
photo-dissociation, but again only for A0 star. As a result, the
amplitude of spectroscopic features due to, e.g., H2O and CO
are strongly reduced in transmission. In emission, the DQ model
emits more flux thus making the planet look brighter. Note that
the short wavelength part of the spectrum is not affected by dise-
quilibrium chemistry and thus EQ and DQ models look the same
for λ < 1 µm in case of transmission and λ < 2 µm in case of
emission, respectively.
For the planets around F0, G2, and K0 the effect of dise-
quilibrium chemistry is strongly reduced for T2, T3, and T3-
inverted cases. This is because of a weakening of the stellar
XUV flux compared to A0 star, as well as very low mixing ratios
of spectroscopically active molecules such as, e.g., CH4, NH3,
and HCN predicted by EQ and DQ models, in agreement with
the predictions from previous studies (e.g., Madhusudhan et al.
2016).
3.3. Impact of stellar activity
To this end we used synthetic flux predicted by models of stel-
lar photospheres to compute disequilibrium mixing ratios with
VULCAN ignoring the activity driven enhancement of XUV ra-
diation. As we have noted before stars with convective envelopes
generate magnetically driven activity that manifests itself as an
enhanced XUV radiation due to the non-thermal atmospheric
heating. Stars also undergo changes in their activity level as they
age. Thus, in this section we investigate the impact of these two
effects on the chemical structure of the atmosphere of our test
planet.
First we compared predictions for the present Sun with its
measured activity level and calculations for the G2 star with-
out activity driven XUV contribution by using PHOENIX pho-
tospheric flux. As an example, Fig. 10 illustrates the amount of
stellar flux that reaches different atmospheric depths as a func-
tion of wavelength for the T2 case. It is seen that most of the
XUV flux of the modern Sun is efficiently absorbed at very
high altitudes. In this particular T2 case the radiation with wave-
lengths longer than about 200 nm is capable of reaching very
deep atmospheric layers, while flux at shorter wavelengths is
fully absorbed at layers above 10−6 bar. As a result, we detect the
strongest changes in species mixing ratios (compared to equilib-
rium calculation) in these high altitudes, as shown on the right
panel of Fig. 10 (For the hottest T3 planet we find the same dis-
tribution of the absorbed radiation but the XUV radiation reaches
∼ 10−5 bar). Because mixing ratios remain unaffected by stellar
radiation at mid- and deep atmospheric layers, we detect almost
no changes in the predicted transmission and emission spectra.
We thus conclude that one must always account for the stellar
activity contribution to the XUV flux in order to capture impor-
tant changes in species concentrations of planets orbiting stars
with convective envelopes. Strong photo-dissociation at these
high altitudes increases concentrations of light species and thus
enhance atmospheric erosion (Johnstone et al. 2019, e.g.,). How-
ever, normal photospheric stellar models can still be used to pre-
dict planetary atmosphere spectra, at least in cases when the par-
ent star is not at its strongest activity state.
Next, we analyzed the impact of enhanced stellar activity on
our test planet assuming that it orbits the present Sun with its
measured XUV flux and around the Sun when it was 100 Myr
young. At that young age the XUV flux of the Sun was max-
imal thus driving strongest changes in the atmospheric chem-
istry which we compare on Fig. 9. We find that when activity
is included, the CO still remains the dominant carbon bearing
molecule for all planetary temperatures considered due to low
photodissociation efficiency. That is, even very high XUV and
Ly−α radiation are not able to photodissociate CO in lower and
middle atmospheric layers. Only at high altitudes there is enough
stellar flux that finally triggers dissociation of CO. For the T1
case, the number density of CH4 also becomes relatively high
in altitudes up to about 10−4 bar. Generally, for all planets we
observe strong photodissociation of molecules at high altitudes
of the planet caused by increased stellar activity at dissociat-
ing wavelength ranges. This effect is more noticeable for planets
closer to the host star, i.e., T2, T3 and T3-inverted cases. For the
T3 and T3-inverted cases molecules CH4 and HCN show no-
ticeably variable profiles at altitudes above 10−4 bar, with even
increased concentrations in narrow pressure region.
Despite large changes in molecular mixing ratios between
modern and young Sun calculations, we find no particular fea-
tures in the transmission and emission spectra that could be used
to estimate the age and therefore activity state of the host star
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Fig. 9. Volume mixing ratios in the atmosphere of a Jupiter size planet around present (dashed lines) and 0.1 Gyr young Sun (solid lines) for the
planet with equilibrium temperatures of Teq=3000 K with temperature inversion (top left), Teq=3000 K (top right), Teq=2000 K (bottom left), and
Teq=1000 K (bottom right).
(not shown here). Only the amplitude of the spectra is modified
due to the fact that the young Sun was 30% dimmer and 12%
smaller compared to its present values.
3.4. Constraining disequilibrium processes with future
missions
As was shown above, the DQ models for HJs with Teq = 1000 K
produce characteristic strong features in transmission and emis-
sion spectra that clearly distinguish them from EQ models.
These features could be studied with future space missions and
the detection or, alternatively, non-detection of these features can
provide strong constrains for modern photo-kinetic models, but
not only.
To provide estimates of the observability of photochemi-
cally produced spectral features we used PandExo10 data sim-
ulation platform (Batalha et al. 2017) and carried out predic-
tions for the James Webb Space Telescope (JWST)11. Figure 11
shows predicted emission and transmission spectra of our test
planet around A0 and G2 stars for the T1 case. We chose these
two stellar types because this is where the impact of disequi-
librium chemistry is the strongest. We made predictions for the
NIRSpec instrument with medium resolution mode (gratings
10 https://natashabatalha.github.io/PandExo
11 https://www.jwst.nasa.gov
G140M, G235M, and G395M) and MIRI instrument in low res-
olution mode (LRS). The large noise at wavelengths λ>10 µm
is due to a dramatic drop in the MIRI-LRS throughput (Natasha
Batalha, priv. comm.). The realistic noise floor for JWST instru-
ments will be known not until after the instrument is operational,
and similar to previous studies (Batalha et al. 2017; Greene et al.
2016) we assumed it to be 20 ppm and 50 ppm for the NIRSpec
and MIRI-LRS modes, respectively. This noise floor was added
as a quadrature to the photon noise generated by PandExo to ob-
tain final errors on simulated data. We further binned the spectra
to the resolution of R = λ/∆λ=300 to boost S/N in each channel
(excluding noise floor). The stars were assumed to have K-band
magnitude 5m (λref = 2.22 µm). The transit duration was 4 h and
15 h for the G2 and A0 cases, with planet orbital periods be-
ing 8 d and 114 d, respectively. The total integration time for a
single transit/orbit (without overheads) was 8 h and 12 h for G2
stars and 30 h and 45 h for A0 star in transmission and emission,
respectively. We then adjusted the number of corresponding or-
bits/transits needed to reach a desired spectroscopic accuracy to
robustly detect features caused by disequilibrium processes.
We found out that the noise floor is easily reached in many
wavelength channels already in few orbits/transits (especially
in G140M and G235M wavelengths, and to a lesser extent in
G395M), and thus the binning of the data to even lower reso-
lution does not help to decrease final errors. The noise floor is
never reached in MIRI-LRS within the integration time consid-
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Fig. 10. Absorption of stellar flux in the atmosphere of a planet with Teq=2000 K as a function of wavelength (left panel) calculated using observed
solar radiation (top panel) and stellar flux without activity driven XUV contribution as predicted by photospheric PHOENIX model (bottom panel).
The corresponding mixing ratios are shown on the right panel (dashed line – using PHOENIX flux, solid line – using observed solar flux).
ered in our simulations, and the intrinsic instrument performance
thus sets the limit on the final errors. However, the detection of
features due to disequilibrium processes would still be possible
thanks to a large number of wavelengths that can be observed
simultaneously. We estimate the detectability of spectroscopic
features by using χ2 test between original spectra of EQ and DQ
models and simulated DQ observations, respectively. The corre-
sponding values of χ2 were computed only within spectral inter-
vals affected by disequilibrium processes.
Our estimates show that it would be challenging to spectro-
scopically observe photochemical signatures in the atmosphere
of a planet orbiting A0 star because the star-to-planet size ra-
tio as well as the flux contrast is very unfavorable at near-
infrared wavelengths. In emission observations, five orbits would
be needed to detect the effect of disequilibrium chemistry using
CO/CO2 feature at 4.3 µm above 3σ threshold. In transmission,
many disequilibrium effects could be seen with 3 transits, includ-
ing weak NH3 features (see annotations on Figure 11). On the
other hand, the decrease in the transmission amplitude at 1.8 µm
and 2.23 µm due to the dissociation of CH4 could already be
detected with even fewer number of orbits. Recall, however, that
obtaining transmission spectrum even for this very bright A0 star
takes 30 h of integration time which is split between 15 h in- and
15 h out-of-transit observations.
For the G2 star case, the robust detection of the CO/CO2
feature at 4.3 µm and CH4 at 11 µm above 3σ level requires only
one orbit in emission observations, as shown on the top right plot
on Fig. 11. In transmission, one transit is needed to detect NH3
features, but detecting the CO/CO2 feature at 4.3 µm and NH3
absorption at 10 µm remain challenging and will require larger
number of transits for robust analysis.
The HCN feature seen at 14 µm for A0 case can potentially
be detected with the MIRI@JWST instrument (channel 3, wave-
length rage 11.53-18.03 µm) using the medium resolution inte-
gral field unit mode (MIRI MRS). Because the current version of
the PandExo does not support this observing mode, we could not
calculated expected noise level and thus required observing time.
However we notice that amplitude of the HCN band is relatively
strong compared to other photochemically produced features and
thus could be addressed with JWST.
For the T3-inverted cases of an A0 star, although the differ-
ence between EQ and DQ models is large, it would be fairly
difficult to study photochemical processes because the predicted
changes in the transmission spectra go the same way in a wide
wavelength range. That is, the DQ model looks just like EQ one
with decreased transmission amplitude (see Fig. 5). Neverthe-
less, with accurate enough observations this decrease in the am-
plitude of spectral features could also be studied by comparing
flux at short and long wavelengths and/or by analyzing the am-
plitude of the molecular bands between 3-4 µm and 6-7 µm, re-
spectively. From simulations listed above we conclude that the
spectroscopic accuracy of JWST will be enough to study strong
changes in the transmission amplitude in a wide wavelength
range cased by disequilibrium processes in case of inverted tem-
perature profile (T3-inverted case). However, more detailed cal-
culations are still needed to compute electron number densities
and thus H− opacity self-consistently. Overall we find that NIR-
Spec@JWST will be just the right instrument to study individual
details in spectra of extrasolar planets due to its sufficient spec-
tral resolution and wide wavelength coverage.
Low resolution spectroscopy will also be available at the
Atmospheric Remote-sensing Infrared Exoplanet Large-survey
space mission (ARIEL)12 planned by ESA for 2028 (Tinetti et al.
2018). The instrument will have few photometric filters between
12 https://arielmission.space/
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Fig. 11. Simulated emission (top row) and transmission (bottom row) spectra for a hot Jupiter planet with Teq = 1000 K orbiting A0 (left)
and G2 (right) stars using NIRSpec and MIRI instruments with JWST. The molecular features produced by photo-kinetic models that could be
unambiguously detected with corresponding number of transits are explicitly marked.
Fig. 12. Simulated ARIEL transmission spectra of a Teq = 1000 K planet orbiting A0 (left) and G2 (right) star.
0.5 µm and 1 µm, and two spectroscopic options with resolv-
ing power R=100 between 1.95-3.95 µm and R=30 between
3.95-7.8 µm thus covering a spectral region where the signa-
tures of disequilibrium chemistry can be studied. We used the
latest ARIEL noise simulator (L. Mungai and E. Pascale, priv.
comm.) to estimate the noise level in instrument pass bands. As
an example, Fig. 12 shows the transmission spectra (with ran-
dom noise added) of our test planet around A0 and G2 stars as-
suming the same transit duration and stellar magnitude as above
for the JWST. Unfortunately, a relatively small number of avail-
able wavelengths and a small size of the telescope makes it vir-
tually impossible to constrain disequilibrium processes because
the 3σ detection threshold is almost never reached. For A0 star,
even after 30 transits the DQ model deviates only by 1σ from
the EQ one with the noise floor dominated. With the same 30
transits we do reach on average 3σ threshold for the G2 star, but
more transits would not help due to hitting the noise floor. Note
that studying disequilibrium processes might still be possible for
planets orbiting low-mass stars.
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4. Discussion
4.1. Consistency between atmospheric temperature and
mixing ratios
In our calculations of the impact of disequilibrium chemistry on
the observed emission and transmission spectra of HJs we used
the P-T structure generated with HELIOS but assuming chemical
equilibrium concentrations. The latter were calculated with the
FastChem and were used to compute continuum and line opac-
ity needed for HELIOS. However, as initial equilibrium mixing
ratios are changed by photo-chemistry and kinetics, they also
change local opacity and therefore local temperature which, in
turn, changes mixing ratios. This means that in our approach the
planetary T-P structure is inconsistent with the results of disequi-
librium chemistry calculations. For instance, Drummond et al.
(2016) found that for such well known planets as HD 189733b
(Teq = 1200 K) and HD 209458b (Teq = 1500 K) the effect
of non-including consistent calculations between chemistry and
temperature leads to an overestimation of the impact of disequi-
librium chemistry on the predicted emission spectra. This hap-
pens because once temperature iteration is introduced in the dis-
equilibrium chemistry algorithm, the model P-T structure adapts
to the evolution of mixing ratios in order to maintain the global
energy balance in the planetary atmosphere (which is set by the
corresponding Teq of the planet). Therefore, eventhough the fi-
nal mixing ratio profiles and P-T distribution look different from
their initial equilibrium states, the predicted emission spectra
does not deviate very much from the equilibrium calculations. It
does however contain some distinct features and thus disequilib-
rium chemistry must be taken into account for accurate interpre-
tations. For instance, the NH3 feature at 10 µm is present in both
purely photochemical and self-consistent photochemical models
(see Fig. 7 in Drummond et al. 2016). This feature is also promi-
nent in our simulations of the emission spectra of the T1 planet
and thus should be robustly detected in future observations.
4.2. Atmospheric opacity
In our calculations of H− opacity we used the equations given in
John (1988) for bound-free and free-free processes. These equa-
tions require the knowledge of e− and H i number densities. Un-
fortunately, at its current stage VULCAN does not account for
the ionization of atomic species. Therefore, we used the concen-
trations of electrons calculated by FastChem and concentrations
of H i from VULCAN to compute H− opacity. We do not expect
this inconsistency to affect our results much. At least it should
not be an issue for T1 and T2 cases where the atmospheric tem-
peratures are too low for the H− and He− opacity to play any
significant role. However, for T3 and T3-inverted cases a more
accurate calculation of e− concentrations is desired, especially in
dense and hot layers around photosphere and below.
4.3. Stellar activity: XUV radiation
In this work we explicitly addressed the impact of stellar activity
on the planetary spectra of a G2 star using observed XUV flux
of the modern Sun as a proxy. We then additionally investigated
the changes in mixing ratios and spectra of a young Sun of age
0.1 Gyr. This is the youngest age available from the study by
Claire et al. (2012) and at that age the Sun had the highest XUV
flux so that the changes in photochemistry were the strongest.
Note that, according to Tu et al. (2015), sun-like stars with ages
between 20 Myr and 300 Myr maintain very high X-ray flux
which is almost constant with time and does not depend on stel-
lar rotation rate and hence the age. After 0.3 Gyr the activity in
a majority of sun-like stars begin to dissaturate and their X-ray
flux starts to decay with time as rotation rate keeps decreasing
due to the magnetic braking. Thus, in principle we could have
chosen any parameters for the young Sun within this time inter-
val but this would not have changed the general trends in our
results.
One important caution needs still to be made when ad-
dressing activity in young suns. Observations of stellar clusters
demonstrated that sun-like stars are born with a rather wide range
of rotation periods (e.g., Soderblom et al. 1993) and it is not until
about 1 Gyr that they all presumably converge to the same rota-
tion period of about 10 days (Tu et al. 2015). Because the age
at which the stellar activity stars to dissaturate depends on the
initial rotation period, sun-like stars that are younger than 1 Gyr
could still have very different XUV flux depending whether they
were born as fast or slow rotators (Tu et al. 2015). That means
that, e.g., for the Sun it is currently impossible to predict the
true value of its XUV flux when it was young because we do
not know how fast the young Sun was rotating in a first place.
However, this is not an issue in our study because we analyzed
a hypothetical gas giant planet around a young sun-like star and
we assumed that this star was very active in its early evolution
stages with best-to-date estimates of the expected XUV radiation
taken from Claire et al. (2012). It is obvious that studying chemi-
cal evolution of atmospheres of real planets must account for the
accurate knowledge of the activity evolution of their hosts.
In this study we did not consider the impact of activity for
the planets orbiting K0 star. Indeed, as was mentioned above,
all stars with convective envelopes generate non-thermal XUV
emission similar to our Sun. What is different from sun-like
stars though is the less efficient magnetic braking of K and M
stars because of their small sizes (Reiners & Mohanty 2012).
As a result, K and M stars can maintain strong activity level
for a much longer time compared to sun-like stars with a po-
tentially stronger long-term impact on atmospheric chemistry.
Moreover, M dwarfs are known to generate strongest magnetic
fields among all stars with convective envelopes (Shulyak et al.
2017) resulting in extreme magnetic heating of their chromo-
spheres and coronae. For instance, the ratio of X-ray to total lu-
minosity of M dwarfs are 10 to 100 times higher than those of the
present day Sun (Poppenhaeger et al. 2010) whereas their bolo-
metric luminosity are 10 to 1000 times smaller. Reconstructing
XUV spectrum of these stars is a difficult task. Nevertheless, for
a dozen of planet host targets the combined X-ray, UV, visual,
and infrared data exist and available from, e.g., the MUSCLES
survey13 (France et al. 2016; Youngblood et al. 2016; Loyd et al.
2016). These data could be use to compute realistic photochem-
ical models of planets orbiting these small stars. However, we
expect that the activity of K stars affects the observed spectra
in a similar way it did for the case of a young Sun, though the
amplitude of the effect could be stronger due to an increase in a
relative X-ray luminosity and the fact the our test planet would
be closer to the star (to maintain equilibrium temperatures that
we assumed in this work).
As stars spin down their chromospheric activity eventually
fades away. But even in this case old stars with convective en-
velopes can still have non-zero X-ray emission, this time of non-
magnetic nature, which is called basal emission (Schrijver 1995;
Schrijver et al. 1989) and which can be a major source of high
13 https://archive.stsci.edu/prepds/muscles/
Article number, page 14 of 17
D. Shulyak et al.: Stellar impact on disequilibrium chemistry and on observed spectra of hot Jupiter atmospheres
energy photons that drive planetary atmospheres out of equilib-
rium even if stellar dynamo is very weak or even absent.
4.4. Stellar activity: winds
Winds are another aspect of stellar activity that may have a
strong impact on the atmospheric structure at high altitudes. Stel-
lar winds carry high energetic particles that collide with atmo-
spheric constitutes, dissociate and ionize them, and thus raise
local atmospheric temperatures. Unless planets have strong mag-
netic fields that protect their atmospheres against stellar winds,
the latter cannot be ignored, especially for active stars. Build-
ing realistic wind models for different type of stars and ages is
very challenging because many unknown parameters that often
rely on very limited observations (see Leitzinger et al. 2014, and
references therein). Nevertheless, some sophisticated wind mod-
els have been developed that account for outflows dominated by
coronal mass ejections (CMEs) (Johnstone et al. 2015b,a) and/or
3D MHD wind models that can take into account the observed
properties of stellar magnetic fields (Vidotto et al. 2015).
Overall, it is seen that the impact of stellar activity on the
atmospheric structure of planets must include many physical and
chemical processes that are not trivial to model and often even
estimate. In this work we limited ourselves to only stellar XUV
radiation. Addressing activity impact in real stars would surely
require consideration of all these processes to the best of our
knowledge.
4.5. Clouds and hazes
In this work we ignored the possible contribution of clouds and
hazes to the observed planetary spectra. It was shown that some
HJs may have thick cloud decks at high enough altitudes that
are probed with transmission spectroscopy (Sing et al. 2016).
The effect of clouds would weaken spectroscopic features due to
scattering absorption. This effect is the largest at optical wave-
lengths and decays for longer ones. Thus, the presence of clouds
and hazes can mute the photochemically produced features of
NH3 between 1 µm and 3 µm. Nevertheless, clouds are not ex-
pected to seriously affect spectra of planetary atmospheres at
λ > 10 µm (except perhaps condensate vibrational mode fea-
tures which can become prominent in the infrared (Wakeford &
Sing 2015)), thus favoring analysis of disequilibrium effects in
that spectral domain.
4.6. 3D atmospheric effects
In this work, we have considered a 1D photochemical model rep-
resentative of mid-latitudes and globally-averaged diurnal condi-
tions. Also, the same temperature structure for the day and night
sides of our test planet were assumed when predicting its spec-
tra. In reality, however, chemistry in atmospheres of HJs could
be strongly modified by the presence of large scale circulations
induced by the temperature difference between day and night
sides. One of the result of such mixing is to produce complex
abundance distribution which is homogenized longitudinally and
thus quenched to the day side values, while still having large
variation over evening and morning limbs for some molecules
like, e.g., CH4 (Agúndez et al. 2012, 2014), thus demonstrat-
ing that 3D effects can have strong global impact on the atmo-
spheric chemistry (Molaverdikhani et al. 2020; Drummond et al.
2018b,a). In emission observations, the effect of atmospheric
winds may not be particularly important due to a rather large
flux contrast between day and night sides (e.g., Mendonça et al.
2018), however the thermal inversions in the upper atmospheric
layers may result in noticeable differences in day and evening
sides of the planet that could possibly alter its disk integrated
spectrum (Agúndez et al. 2014). In transmission, to the contrary,
the effect of circulations may play an important role in render-
ing the observed spectra because it probes the terminator re-
gion where the differences in atmospheric thermal structure and
physico-chemical processes determined by T(p) are expected to
be maximal and that, if ignored, could introduce biases in the
retrieved atmospheric parameters (Caldas et al. 2019).
4.7. Planetary parameters
We considered only one case of a Jupiter size planet orbiting
stars of different temperatures. Our intention was to study a gen-
eral trend of changes in the predicted spectra caused by disequi-
librium chemistry rather than to investigate particular details of
the mixing ratio profiles as a function of planetary parameters.
For instance, planets more massive than one Jupiter mass would
have denser atmospheres and hence less efficient turbulent mix-
ing. Also, the penetration depth of the XUV radiation would be
smaller. An extensive investigation of these effects was recently
carried out by Molaverdikhani et al. (2019b) and we refer the
interested reader to this work for more details.
5. Summary
In this work we investigated how disequilibrium chemistry im-
pacts the observed spectra and molecular mixing ratios in the
atmosphere of a hot Jupiter (HJ) orbiting stars of different types.
We also explicitly addressed the impact of stellar activity on the
derived mixing ratios and spectra simulated at primary and sec-
ondary eclipses. We demonstrated how these processes cause
different trends in the predicted spectra, and identify major fac-
tors that can effect interpretation of observations. The main con-
clusions of this work are summarized below.
– Photodissociation by external stellar radiation and chemical
kinetic drive mixing ratios far from their thermo-equilibrium
values. This effect is stronger for planets orbiting hot stars
because those generate stronger XUV fluxes compared to
stars of later spectral types. For planets having equilibrium
temperatures around Teq = 1000 K the effect of disequi-
librium chemistry for some molecules (HCN, NH3, CH4)
can be seen even in optically thick layers around 1 bar
and deeper, in agreement with previous studies (e.g., Moses
2014).
– In all cases considered the CO remains the dominant car-
bon bearing molecule in the atmosphere. However, for plan-
ets with Teq = 1000 K that orbit G2 and K0 stars the con-
centration of CH4 becomes comparable to that of CO at
P<0.1 mbar, whereas at higher altitudes, a smaller XUV ra-
diation from the K0 star allows for rather similar CO and
CH4 profiles throughout the atmosphere given the inefficient
methane photodissociation.
– We find that the effect of disequilibrium chemistry on the
emission an transmission spectra is better observed for plan-
ets with Teq = 1000 K for all stellar spectral types, thus fa-
voring planets with relatively cool temperatures for the in-
depth analysis of disequilibrium effects (Madhusudhan et al.
2016). We find, in addition, that disequilibrium chemistry
has strong impact on the emission and transmission spec-
tra of ultra hot planets with temperature inversion at high
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altitudes and that orbit A-type stars only. For planets with
Teq = 2000 K the observational consequences of disequilib-
rium chemistry on the spectra are not evident.
– In transmission, the most prominent features due to dise-
quilibrium chemistry are the NH3 bands at 1 µm, 1.3 µm,
1.5 µm, and 2 µm, as well as the strengthening of the
CO/CO2 absorption at 4.3 µm and NH3 absorption at 10 µm.
We also notice a weakening of the CH4 band at 3.3 µm. Fi-
nally, in our calculations the disequilibrium chemistry leads
to the appearance of the narrow HCN absorption at 14 µm
which never shows up in equilibrium models. The appear-
ance of this HCN feature has been noted in some previous
works (e.g., Moses et al. 2011) and its observation could po-
tentially provide benchmark test for modern disequilibrium
models.
– The enhanced XUV radiation plays a crucial role in shaping
mixing ratios of most atmospheric species around stars with
chromospheric activity, having strongest impact in planets
orbiting stars of young ages that have highest level of XUV
radiation. However, even in the case of the present Sun with
its known and relatively low activity level, accounting for the
true non-thermal XUV flux in disequilibrium calculations is
needed to predict realistic concentrations of species at high
atmospheric layers. On the other hand, in HJs orbiting stars
similar to our Sun (in term of temperature and age), the stel-
lar XUV flux does not penetrate in line forming regions of
planetary atmospheres and thus does not affect their spectral
appearance much.
– Spectra from future facilities with spectroscopic capabili-
ties in infrared promise to identify disequilibrium chemical
constituents and their underlying kinetic controlling mech-
anisms. Using the NIRSpec and MIRI instrument onboard
of the JWST it will be possible to detect and analyze pho-
tochemically induced changes in the observed spectra of hot
exoplanets, in agreement with estimates by Blumenthal et al.
(2018). In particular, the typical changes that we predict in
this study are observed with sufficiently low noise level in
only one transit around a sun-like star with a K-band mag-
nitude of 5m. Future ESA mission ARIEL will also have
spectroscopic capabilities. Although the detection of dise-
quilibrium chemistry could in principle be possible within
3σ confidence interval in HJs around G-type stars, the ro-
bust analysis would likely be not possible mainly due to
the low spectroscopic resolution of the instrument. Planet-
hunting missions such as TESS14, PLATO15, and CHEOPS16
are expected to significantly increase the number of exoplan-
ets that orbit bright stars that will be accessible for detailed
atmospheric characterizations.
– Similar to many previous works, we ignored the effect of dis-
equilibrium chemistry on the temperature structure of plan-
etary atmospheres. This effect is expected to be important at
least in some temperature regimes (Drummond et al. 2016)
and should be taken into account in future works.
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